INTRODUCTION
Aminoacyl-tRNA synthetases (aaRS) link amino acids to their cognate tRNAs in aminoacylation reactions that establish the connection between a specific amino acid and the anticodon triplet of the tRNA (Schimmel 1987; Ibba and Söll 2000) . AaRS are divided into two classes of 10 enzymes each, based on the active-site architecture shared by all members of the same class (Eriani et al. 1990; Cusack et al. 2000) . Class I-and II-defining domains are the ancient, historical aaRS that appeared at the very beginning of the protein world. Later in evolution, peptide insertions were added to these central domains, and additional N-or C-terminal domains were progressively appended. One crucial function provided by domain insertions is the editing of mischarged tRNAs. Editing domains consist of a second active site designed to hydrolytically clear errors of aminoacylation. Editing activities have been characterized in class Ia aaRS, including IleRS, ValRS, and LeuRS (Eldred and Schimmel 1972; Fersht and Kaethner 1976; Chen et al. 2000) , as well as class II aaRS, including ThrRS, ProRS, AlaRS, and PheRS (Beuning and Musier-Forsyth 2000; Dock-Bregeon et al. 2000; Beebe et al. 2003; Roy et al. 2005) . Four designs for these editing sites have been described, one for class I enzymes (Nureki et al. 1998 ) and three for class II enzymes (Dock-Bregeon et al. 2000; Wong et al. 2003; Kotik-Kogan et al. 2005; Ishijima et al. 2006) . The class I editing site of IleRS, ValRS, and LeuRS is conserved through evolution and is believed to have been present when the tree of life split into three branches. In contrast, the editing site in class II Ala/ThrRS and ProRS is not absolutely conserved in the three kingdoms.
The class I subgroup comprising LeuRS, IleRS, and ValRS has particularly high levels of sequence and structural homology (Cusack et al. 2000) . The three enzymes (hereafter, LIV-RS) are large monomeric proteins containing a long insertion called connective peptide 1 (CP1) corresponding to the editing domain. The fidelity of activation of the small nonpolar amino acids is still a real challenge for these enzymes, since these small substrates provide only a few chemical groups recognizable by the protein. Valine, which differs from isoleucine by a single methyl group, is activated by IleRS only 180-fold less efficiently than isoleucine (Eldred and Schimmel 1972) .
Threonine, an isostere of valine, is activated by ValRS at a rate of 1/250 of valine (Fersht and Kaethner 1976) . LeuRS has been reported to misactivate multiple amino acids (Englisch et al. 1986; Apostol et al. 1997; Chen et al. 2000) . Consequently, during evolution, LIV-RS enzymes have evolved pre-and post-transfer editing functions to increase the specificity of the aminoacylation reaction.
In the current study, we set out to understand the coevolution of the synthetic and editing sites in LeuRS, IleRS, and ValRS enzymes and find relics of their evolution in present-day synthetases. Because the editing domains of Aquifex aeolicus LeuRS (AaLeuRS), Escherichia coli IleRS (EcIleRS), and Bacillus stearothermophilus ValRS (BsValRS) can be isolated as active domains, they allowed examination of the editing activity independently of the synthetic activity (Lin et al. 1996; Zhao et al. 2005) . We found that AaLeuRS and its isolated CP1 domain (AaLeu-CP1) edit the charged and mischarged noncognate tRNA Ile and tRNA Val in addition to Ile-tRNA Leu , as would be expected from a primitive LIV-RS enzyme. A composite minihelix designed to carry the triple amino acid identity was charged by all three enzymes, but was only significantly hydrolyzed by the AaLeuRS isolated CP1 domain. These data indicate that AaLeuRS has retained or enlarged the hydrolytic function to edit the mischarged RNA issued from LeuRS, IleRS, and ValRS. Although this property can be considered as a functional relic, it can also result from a more recent adaptation to specific metabolic changes in the bacterium A. aeolicus. Together, these data support the hypothesis that LIV-RS enzymes have a common origin, and that the A. aeolicus CP1 has an intrinsic plasticity ready to evolve new editing specificities.
RESULTS

Specificity of editing function of three class Ia aaRS
Previous work showed that AaLeuRS, EcIleRS, BsValRS, and their corresponding isolated CP1 domains (AaLeu-CP1, EcIle-CP1, and BsVal-CP1, respectively) carry posttransfer editing activity in vitro (Lin et al. 1996; Zhao et al. 2005 Val rapidly. However, it was unable to hydrolyze the other five substrates, even at a high enzyme concentration (5 mM). BsVal-CP1 was also specific for Thr-tRNA Val as previously shown (Fig. 1A,B ; Lin et al. 1996) .
Under the same conditions, EcIleRS efficiently hydrolyzed its natural mischarged substrate (Val-tRNA Ile ). In addition, at a high enzyme concentration (5 mM), three noncognate tRNAs carrying the noncognate amino acids
Val-tRNA
Val , Thr-tRNA Val , and Leu-tRNA Leu were hydrolyzed. However, at this high enzyme concentration, EcIleRS remained specific to its amino acid and IletRNA Leu was not hydrolyzed (Fig. 1C) . EcIle-CP1 exhibited nearly the same pattern of editing, except that Leu-tRNA Leu could not be hydrolyzed, and no preference for the naturally mischarged product Val-tRNA Ile could be detected (Fig. 1D) .
The last enzyme, AaLeuRS, showed the strongest editing activity. Using only 50 nM AaLeuRS, hydrolysis of all aa-tRNAs, except Leu-tRNA Leu , could be detected (Fig. 1E , inset). The isolated AaLeu-CP1 showed the same pattern of hydrolysis but with no preference for the recurrent mischarged product Ile-tRNA Leu (Fig. 1F) . However, the reaction was less efficient and required 5 mM of isolated CP1 domain.
Next, we quantified the editing parameters of AaLeuRS for the different substrates ( Fig. 2A ). Invariant nucleotides and very conserved residues were chosen to constitute the minihelix LIV . For less conserved residues, we took into account the overrepresentation of tRNA Leu sequences and sometimes gave preference to the tRNA Ile or tRNA Val nucleotide. The first 59-terminal nucleotide was deleted to increase the flexibility of the single-stranded 39 end ( Fig. 2B ; Nordin and Schimmel 1999; Xu et al. 2004b ). Leucine, isoleucine, valine, and threonine were attached to the minihelix LIV by AaLeuRS, EcIleRS, EcValRS, and EcValRS-T 222 P (Döring et al. 2001) , respectively (Fig. 2C ). AaLeuRS and EcIleRS efficiently aminoacylated minihelix LIV , compared with minihelix Leu (Xu et al. 2004b ) and minihelix Ile , respectively (Nordin and Schimmel 1999) .
AaLeu-CP1 hydrolyzes various species of aminoacyl-minihelix LIV
The hydrolyses of the Leu-, Ile-, Val-, and Thr-minihelix LIV by AaLeu-CP1, EcIle-CP1, BsVal-CP1, and Leu-CP1 from E. coli (EcLeu-CP1) were assayed. Here we added EcLeu-CP1 because it can hydrolyze a mischarged minihelix Leu and serve as a control for the leucine-aminoacylating system (Zhao et al. 2005) . The different CP1 domains were tested at the same concentration of 5 mM. AaLeu-CP1 hydrolyzed all substrates except the ''cognate product'' Leu-minihelix LIV (Fig. 3) . EcLeu-CP1 specifically hydrolyzed only the Ile-minihelix LIV , demonstrating that the AaLeu-CP1 has ambiguous substrate recognition. The two other isolated CP1 domains, EcIle-CP1 and BsVal-CP1, did not hydrolyze any of the four substrates (Fig. 3) . Positive controls using Val-tRNA Ile and Thr-tRNA Val for EcIle-CP1 and BsVal-CP1, respectively, were also carried out (data not shown).
DISCUSSION
The modular architecture of present-day aaRS mirrors their step-by-step evolution AaRS form a family of enzymes that have been intensely studied. These modular enzymes are thought to be derived from two ancestors that used two distinct architectures to construct their catalytic sites. These catalytic domains represent the ancient, historical enzyme that carries determinants for activation of the amino acid and for binding to the acceptor minihelix of tRNA (Schimmel and Ribas de Pouplana 1995) . Indeed, helical substrates that mimic the acceptor stem of tRNA are aminoacylated by many present-day tRNA synthetases (Schimmel and Ribas de Pouplana 2001) , suggesting that primordial tRNAs might have been minihelices. During evolution, the ancient minihelix might have been duplicated to give rise to the present tRNAs with four major arms (Rodin et al. 1996) . At the same time, additional motifs and domains were added to the two core structures of the primitive synthetases. These additions facilitated interactions with the new parts of the tRNA distal to the acceptor end. With the increasing number of amino acids incorporated in the genetic code, these enzymes were exposed to recognition and specificity problems. Additional domains, called editing domains, were added to improve the precision of the genetic code and clear mischarged tRNAs. In this way, the precision of the genetic code was continuously improved during the long process of evolution. Nowadays, the precision of the modern genetic code is still sharply dependent on the editing function of tRNA synthetases (Döring et al. 2001) . For that reason, the appearance of editing activity in some tRNA synthetases could have arisen very early, before their radiation into 20 different enzymes (Schimmel and Ribas de Pouplana 2001) . For instance, the CP1 editing domain found in LIV-RS enzymes is found in all branches of the three kingdoms, even the deepest, suggesting that it was added before the radiation of the enzymes from the class Ia common ancestor.
Does A. aeolicus LeuRS carry functional relics or develop new properties?
We previously reported that LeuRS from the deep-branching bacterium A. aeolicus carries basic features supposed to have been present in ancient aaRS. First, it has a unique ab-heterodimeric structure with separated catalytic and (u) by (A) 5 mM BsValRS, (B) 5 mM BsVal-CP1, (C) 5 mM EcIleRS, (D) 5 mM EcIle-CP1, (E) 5 mM AaLeuRS (50 nM AaLeuRS in the inset), and (F) 5 mM AaLeu-CP1. tRNAs originated from (A-D) E. coli or (E,F) A. aeolicus. The background hydrolysis of aminoacyl-tRNA in the absence of enzyme (<15% over 10 min and 30% for LeutRNA Leu ) was subtracted from these plots for normalization purposes. Values were obtained from three independent determinations.
Ancestral editing properties of LeuRS
www.rnajournal.org 17 on March 27, 2007 www.rnajournal.org Downloaded from tRNA-binding sites (Xu et al. 2002) . Such an organization supports the tRNA/synthetase coevolution theory that predicts sequential addition of tRNA and synthetase domains (see above). Second, the AaLeuRS editing domain expressed as a freestanding domain is able to edit mischarged tRNA Leu and minihelix Leu , thanks to a crucial specific 20-amino acid peptide inserted in this editing domain (Zhao et al. 2005 ). Third, we showed that the fusion of the tRNA-binding b subunit of AaLeuRS with the E. coli editing domain could activate the editing function (Zhao et al. 2005) . Altogether, these properties suggest that AaLeuRS has a remarkable capacity to transfer autonomous active modules, which is consistent with the idea that modern synthetases arose after exchange of small idiosyncratic domains.
Nevertheless, the exact origin of the remarkable properties discovered in the AaLeuRS remains yet unsolved. According to the deep rooting of the Aquifex genus in the tree of life, we previously proposed that these features are ancestral features of LeuRS (Zhao et al. 2005) . In the present work we describe another unusual functional property found in the AaLeuRS. Although it might fit in the ancestral model, it might also reflect recent evolution of the A. aeolicus LeuRS in response to specific metabolic changes.
Editing of A. aeolicus LeuRS is highly ambiguous
LIV-RS enzymes display remarkable similarities at both sequence and structural levels, which can be considered as relics from their common lineage. Schematic trees of evolution of LeuRS, IleRS, and ValRS were drawn according to sequence-based alignments ( Fig. 4 ; Brown and Doolittle 1995) . In this study, we add functional evidence to support their common origin. As a model, we used A. aeolicus AaLeuRS, an enzyme that contains remarkable functional relics from synthetase evolution (see above). We show here that AaLeuRS recognizes the noncognate tRNA Ile and tRNA
Val in addition to tRNA Leu in the editing reaction, as it would have done by a primordial LeuRS just derived from the precursor of the LIV-RS enzyme. A total of five noncognate substrates were hydrolyzed, whereas the cognate product of LeuRS, Leu-tRNA Leu , was unaffected. However, a clear preference for the cognate mischarged LIV by AaLeuRS (d), EcIleRS (s), EcValRS (.), and T 222 P EcValRS (,) under the same conditions. Reactions were assayed at 25°C with 25 mM minihelix LIV and 5 mM enzyme, respectively. No RNA controls were used to correct for background rates (<5% of the minihelix LIV charging).
substrate (Ile-tRNA Leu ) was observed when compared to the noncognate aminoacyl-tRNA Ile and tRNA Val . This suggests that the hydrolytic function is not completely relaxed but follows some regulations.
The enlarged editing capacity here characterized might be considered as a functional relic that predates the split of the LIV-RS precursor in the three modern aaRS. In the ancient time, editing might have been essential to clear other compounds that differed from leucine, isoleucine, and valine. Small metabolites or nonproteinous amino acids might have been targeted by the editing function. After radiation from the progenitor, the three new class Ia enzymes (LeuRS, IleRS, and ValRS) would have to focus their editing function to discriminate between the neighboring class Ia amino acids. For an unexplained reason, the editing function of AaLeuRS has been maintained in a relatively ambiguous state compared to IleRS and ValRS.
An alternative explanation that is equally well supported by the data might be proposed. AaLeuRS's expanded editing ability might be a recent adaptation to the high temperature and extreme growth conditions encountered by the organism. A. aeolicus is an obligate chemolithoautotroph and the most hyperthermophilic bacterium known. Under this metabolic constraint, AaLeuRS might have acquired an expanded editing ability in response to the specific compounds generated in these extreme conditions.
AaLeu-CP1 acts as a freestanding editing domain
In this study, we show that AaLeu-CP1 is able to recognize and hydrolyze the Ile-, Thr-, and Valminihelix LIV , with a marked preference for Ileminihelix LIV . This further highlights the archaic properties of AaLeuRS and its CP1 editing domain that is active as a freestanding domain. Recent studies showed that freestanding proofreading domains still exist in the present-day protein synthesis machinery. The YbaK and ProX proteins, which are homologous to the class II ProRS editing domain, are freestanding editing domains that edit Cys-tRNA Pro and Ala-tRNA Pro , respectively (An and Musier-Forsyth 2004; Ruan and Söll 2005) . AlaX protein is a freestanding homolog from the AlaRS editing domain (Ahel et al. 2003 ) that hydrolyzes Ser-tRNA Ala and Gly-tRNA Ala . ThrRS-ed is a freestanding editing domain found in Archaea that hydrolyzes SertRNA Thr (Korencic et al. 2004) . Although these deacylases are sometimes dispensable for cell growth under standard growth conditions, they play a significant role under extreme cell growth conditions that favor tRNA mischarging (Korencic et al. 2004) . Our results show that the CP1 domain from AaLeuRS preferentially edits the mischarged Ile-tRNA Leu but can also edit several similar aa-tRNAs. The lack of specificity is increased when the editing domain is expressed as a freestanding domain. These characteristics might provide A. aeolicus with two clear advantages. First, the multisubstrate specificity of CP1 suggests that it has preserved its ability to evolve the editing function, a property that would favor adaptation of the bacterium to new mischarged substrates. Second, under some physiological conditions, one can imagine that a significant number of a subunits of A. aeolicus LeuRS might be released in the cell and act as freestanding CP1s. These domains would probably have an enlarged set of mischarged tRNAs to deacylate. For the cell, this would be an easy and economical way to express two products with different properties starting from a single gene.
To conclude, the expanded editing properties of AaLeuRS might be a real ancestral editing activity resulting from the slow-evolving rate of the Aquifex genus or it might be a recent adaptation to specific Aquifex metabolic constraints. More investigations will require purification and characterization of the editing activities of all LIV-RS enzymes from A. aeolicus in addition to those from close primitive bacteria (Thermotoga, Thermus) and primitive eukaryotes (Diplomonads) and archaea (Korarchaeota) in order to check the distribution of the expanded editing ability in deeply rooted organisms. , and all restriction endonucleases were obtained from the Sangon Company. T7 RNA polymerase was purified as described (Li et al. 1999) . Plasmids pET28a and pET30a were purchased from Novagen (Biosciences Inc.). The bacterial BL21-Codon Plus (DE3)-RIL strain was purchased from Stratagene. Nickelnitrilotriacetic (Ni-NTA) Superflow resin was obtained from QIAGEN Inc. GF/C and DE-81 filters were obtained from the Whatman Company.
MATERIALS AND METHODS
Materials
Preparation of tRNAs and proteins
DNA fragments encoding CP1 domains and enzymes were amplified by PCR. Mutated synthetases were generated by a two-step PCR method. PCR products were cloned into either pET28a or pET30a. CP1 domains were designed as previously described (Lin et al. 1996; Zhao et al. 2005) . A. aeolicus LeuRS (AaLeuRS), E. coli IleRS (EcIleRS), B. stearothermophilus ValRS (BsValRS), and the corresponding CP1 domains were overexpressed in E. coli and purified (Lin et al. 1996; Zhao et al. 2005) . A. aeolicus and E. coli tRNA Ile (GAU) were overexpressed in E. coli and purified as previously described (Xu et al. 2002) . Transcripts from A. aeolicus and E. coli tRNA Leu (GAG) and tRNA Val (UAC) were prepared according to Xu et al. (2004b) .
Design and preparation of minihelix LIV
The sequence of the minihelix LIV was designed according to the acceptor stems and TcC loops of A. aeolicus tRNA Leu (GAG), and tRNA Leu (GAG), tRNA Ile (GAU), and tRNA Val (UAC) from E. coli. RNA from minihelix LIV was obtained by T7 RNA transcription of annealed oligodeoxynucleotides. In vitro transcription and purification of minihelix LIV followed the protocol previously described (Xu et al. 2004b ).
